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 i 
ABSTRACT 
“Low Temperature Growth of Amorphous Silicon Thin Films” 
 
Maibi Aaron Malape 
 
MSc. Thesis, Department of Physics, University of the Western Cape 
 
 
The growth of amorphous hydrogenated silicon (a-Si:H) thin films deposited by hot-
wire chemical vapor deposition (HWCVD) has been studied. The films have been 
characterized for optical and structural properties by means of UV/VIS, FTIR, ERDA, 
XRD, XTEM and Raman spectroscopy. Low substrate heater temperatures in the 
range from 130 °C to 200 °C were used in this thesis because it is believed to allow 
for the deposition of device quality a-Si:H which can be used for electronic 
photovoltaic devices. Furthermore, low temperature allows the deposition of a-Si:H 
on any substrate and thus offers the possibility of making large area devices on 
flexible organic substrates. 
 
We showed that the optical and structural properties of grown a-Si:H films depended 
critically upon whether the films were produced with silane gas or silane diluted with 
hydrogen gas. Device quality a-Si:H  can be deposited at low substrate heater 
temperature at optimized conditions. Finally, we also showed that it is possible to 
deposit crystalline materials at low temperature under high hydrogen dilution ratio of 
silane gas.   
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CHAPTER 1 INTRODUCTION 
 
1.1 Amorphous silicon  
 
Amorphous silicon is a disordered material whose atoms are not arranged in any 
particular order. They do not form crystalline structures at all, but they only display 
short-range order. The silicon atoms are mainly positioned in a tetrahedral 
coordination as in crystalline silicon with a small variation in the Si-Si bond angles 
and the Si-Si bond lengths. These variations are enough that within 2 to 3 atoms away 
no crystallinity can be detected. These variations result in a non-zero density of states 
in the mid band gap of this material, as shown in figure 1.1. 
 
 
Figure 1.1 Schematic representation of the density of states in amorphous silicon 
[1.1]. 
In amorphous silicon the term mobility gap is used instead of band gap due to the 
presence of the electronic states in the gap, which limit the mobility of photo-
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generated carriers. Amorphous silicon's random structural characteristics cause 
deviations like unsaturated or dangling bonds, corresponding to the atom missing a 
neighbor at those sites where the periodicity is lost. The dangling bond is positively 
charged (D+) when it is unoccupied, neutrally charged (D0) when occupied by an 
electron, and negatively charged (D-) when occupied by two electrons with anti-
parallel spin. In pure amorphous silicon (a-Si), the density of the defect states is as 
high as 1019 – 1020 cm-3 [1.2]. The dangling bonds provide places for electrons to 
recombine with holes rather than contributing to the electrical circuit. Due to the high 
density of the defect states in the mobility gap, this kind of material is undesirable for 
electronic devices, because defects limit the flow of current. However amorphous 
silicon can be deposited so that it contains a small amount of hydrogen by chemical 
vapor deposition through a hydrogenation process. The result is that the hydrogen 
atoms combine chemically with many of the dangling bonds, essentially removing 
them by creating stable Si-H bonds and permitting electrons to move through the 
material. Incorporated hydrogen also breaks the highly strained or unstable Si-Si 
bonds, and reconstructs strong Si-Si bonds thus improving the opto-electronic 
properties of the materials. 
 
In a-Si:H prepared by Plasma Enhanced Chemical Vapor Deposition (PECVD) that 
contains about 10 at % hydrogen the dangling bond can be reduced to 1015 cm-3 and 
the density of tail states can also be reduced and sharpened [1.2]. However, solar cells 
made from hydrogenated amorphous silicon (a-Si:H) experience the Staebler-Wronski 
effect, where their electrical output decreases over a period of time when first exposed 
to sunlight [1.3]. Eventually the electrical output stabilizes. This effect can result in up 
to a 20% loss in output before the material stabilizes. Exactly why this effect occurs is 
not fully understood as shown in several studies [1.4 – 1.6], but part of the reason is 
related to the amorphous hydrogenated nature of the material. Hydrogenated 
amorphous silicon absorbs solar radiation more efficiently than does crystal silicon, so 
a film only about 1 micrometer thick can absorb 90% of the usable light energy 
shining on it [1.7]. This is one of the major reasons that hydrogenated amorphous 
silicon could reduce the cost of photovoltaics. Other economic advantages are that it 
can be produced at lower temperatures and can be deposited on low-cost substrates 
such as plastic, glass, and metal. These characteristics make amorphous silicon the 
leading thin-film photovoltaic material [1.8].   
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1.2 Thin silicon films  
 
Thin silicon materials are prepared by chemical vapor deposition from silane or a 
mixture of silane and hydrogen. The most commonly used chemical vapor deposition 
processes are plasma enhanced chemical vapor deposition (PECVD) and hot-wire 
chemical vapor deposition (HWCVD). However, HWCVD is a more preferred 
technique due to its higher deposition rate and low hydrogen content in the deposited 
materials [1.9- 1.10]. The amount of hydrogen in the amorphous silicon is commonly 
related to the light-induced degradation of the material, thus a low hydrogen content is 
expected to result in an improved stability against light-induced degradation [1.3]. 
Hence, hot-wire films with a reduced hydrogen content have been shown to exhibit 
enhanced stability as compared to amorphous silicon films deposited by PECVD 
[1.11].  
 
At low deposition temperatures, materials containing a high hydrogen content are 
generally obtained. In order to obtain device quality materials at these temperatures, 
the deposition parameters need to be optimized. One most important parameter which 
need to be controlled is the hydrogen dilution ratio of silane since it promotes the 
growth of silicon films with a different morphology and texture [1.12 - 1.17]. For 
instance, nanocrystalline (nc-Si:H), microcrystalline (μc-Si:H) and polycrystalline 
(poly-Si:H) silicon films can be deposited by increasing the hydrogen dilution ratio. 
The different morphologies presented could be generally classified by the amount of 
crystallinity present in the amorphous phase. While nc-Si:H and μc-Si:H are two-
phase indistinguishable materials where the crystals embedded in the amorphous 
network are of the order of a few tens of nanometer, poly-Si:H is defined as a single-
phase crystalline material with grain boundaries [1.18]. Since higher hydrogen 
dilution ratios induce crystallinity in the material, it is shown that a-Si:H obtained 
very close to the boundary from amorphous to nanocrystalline are the best material 
[1.12 - 1.13].  
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1.3 Aims and outline of this study 
 
The study will focus on the deposition of amorphous silicon thin films at low 
substrate heater temperature by the Hot Wire Chemical Vapor Deposition (HWCVD) 
technique. HWCVD is a relatively simple technique that allows the deposition of thin 
silicon films on low cost substrates and the possibility of large area deposition and 
roll-to-roll processes in mass production. Low substrate heater temperatures below 
200 °C are employed throughout the study because of their importance for low cost 
photovoltaic devices and thin film transistors. In particular, thin film transistors are 
widely used as active elements in active matrix liquid crystal display (AMLCDs) 
applications in flat panel displays (FPDs) like portable laptop computers, mobile 
phones and personal digital assistants (PDAs) [1.19].   
 
The outline of this thesis is as follows:  Chapter 1 provides a general introduction on 
the properties of amorphous silicon and thin silicon deposition.   
 
Chapter 2 gives a brief description of the Hot-Wire Chemical Vapor Deposition 
(HWCVD) process, the parameters employed and details on the sample deposition are 
explained. In addition, the experimental techniques used to analyze the optical and 
structural properties of deposited materials are also described.  
 
Chapter 3 deals with the influence of the substrate heater temperature on the 
deposition rate, optical properties determined from UV-Vis spectrophotometry, 
bonded hydrogen concentration and the microstructure properties of materials as 
determined from Fourier Transform Infrared (FTIR) spectroscopy.  Lastly, total 
hydrogen concentration from Elastic Recoil Detection Analysis (ERDA) 
measurements is compared to the bonded hydrogen concentration. A brief conclusion 
is drawn at the end of this chapter regarding the properties of the materials studied. 
 
Chapter 4 deals with the structural properties of the deposited materials, the influence 
caused by different substrates, changes in substrate heater temperature, and the 
hydrogen dilution ratio of silane gas. Chapter 5, the last chapter of this thesis, 
provides a brief summary of the work done. 
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CHAPTER 2 EXPERIMENTAL METHODS  
2.1 Sample preparations  
 
2.1.1 Hot-Wire Chemical Vapor deposition (HWCVD) 
 
The hot wire chemical vapor deposition (HWCVD) technique was introduced in 1979 
by Wiesmann et al. [2.1] as a method for producing hydrogenated amorphous silicon 
thin films. However, the results of Wiesmann were not encouraging because they used 
too low pressures of  41033.5 −×  mbar which resulted in a poor dark conductivity as 
compared to the materials prepared by plasma enhanced chemical vapor deposition 
(PECVD). This technique has found its application in 1991 when Mahan et al. 
reported on the development of device quality a-Si:H thin films with a low hydrogen 
content [2.2].  
 
The HWCVD technique is based on the decomposition of the source gases, usually 
silane (SiH4) or a mixture of H2 and SiH4 gases on a heated filament. This technique is 
also called Catalytic Chemical Vapor Deposition (Cat-CVD). Figure 2.1 shows the 
schematic cross-section of a HWCVD reaction chamber used in this study. The source 
gases are injected into the reaction chamber and decomposed on a heated filament. On 
the way from filament to the substrate, the constituent radical species produced on the 
heated filament often react in the gas phase before depositing onto a heated substrate. 
A tantalum filament was used in this study. 
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Figure 2.1 Schematic cross-section of the HWCVD chamber 
 
 
 
 
 
 
   
 9
2.1.2 Thin films deposition 
 
Corning 7059 glass and undoped crystalline silicon substrates of size 2.5 cm ×  2.5 cm 
were both cleaned for 5 minutes in an ultrasonic bath of acetone followed by 
methanol. The c-Si was then etched in a 5% hydrofluoric acid for 1 minute. Both 
substrates were dried and mounted simultaneously for the deposition of the films in a 
single chamber HWCVD reactor, which has been described in detail by Arendse [2.3]. 
A background pressure of mbar710−  was reached in the chamber before each 
deposition. Seven parallel tantalum wires were used to dissociate the reactant gases. 
The filament temperature was measured with an optical pyrometer and the process 
pressure controlled with a pressure controller. Before each deposition, the filament 
was treated with hydrogen for at least 3 minutes with a closed shutter to avoid any 
deposition on the substrates. Reactant gases were then injected into the chamber, and 
when the equilibrium temperature and gas pressure was reached the shutter was 
opened to start the deposition. The desired value of the substrate temperature was 
achieved by appropriate setting of the temperature controller. The deposition was 
carried out for the desired amount of time and films were allowed to cool to room 
temperature in the reaction chamber. Thereafter, the films were removed for 
characterization. Films deposited on Corning 7059 glass were used for optical and X-
ray diffraction, whereas films deposited on the polished side of c-Si substrate were 
used for infrared, elastic recoil detection measurements and cross-sectional 
transmission electron microscopy. Raman measurements were performed on films 
deposited on both crystalline silicon and Corning 7059 glass. 
  
2.1.3 Deposition parameters 
 
Two sequences of samples were deposited. In the first sequence, only silane was used 
as reactant gas at a fixed flow rate of 30 sccm and the substrate temperature was 
varied from 130 – 200 °C, with a deposition pressure of 30 barμ . In the second 
sequence, the only difference was the flow rate used. Silane flow rate of 6 sccm and 
hydrogen flow rate of 24 sccm were used for deposition.  Hence, the influence of 
substrate temperature on the properties of these sets of films were studied and 
compared. In the two sets of deposited samples the other deposition parameters used 
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were as follows: the filament temperature ( filT ) of 1600 °C, the distance from 
substrate to filament ( fsd − ) of  3.6 cm, and a total flow rate ( totalΦ ) of  30 sccm. 
2.2 Analytical methods 
 
In this section, the analytical methods which were used to study the properties of the 
materials are 
I. The optical transmission measurements for the determination of the film 
thickness, the refractive index, the optical band gaps and the absorption 
coefficients. 
II. Fourier Transform Infrared (FTIR) spectroscopy for hydrogen concentration and 
the measure of the material quality called the microstructure factor. 
III. Elastic Recoil Detection Analysis (ERDA) for the determination of total 
hydrogen concentration. 
IV. X-ray diffraction (XRD) measurements for determining the phase change and 
V. Raman spectroscopy to study the variation in both short and medium range 
order. 
VI. Cross-sectional Transmission Electron microscopy (XTEM) for the 
determination of the morphology. 
A brief theory of each technique is given below: 
 
2.2.1 Optical Transmission 
2.2.1.1 Introduction 
 
Hydrogenated amorphous silicon is an important material for photovoltaic devices 
due to its enhanced light absorption. It is important to know the refractive index and 
absorption coefficient behavior as a function of wavelength in order to predict the 
photo-electronic behavior of a device. The value of the refractive index for crystalline 
silicon is known, however the same cannot be said for amorphous silicon because it is 
dependent on the method and the conditions used to deposit the material. Another key 
parameter when determining the optical properties is the optical band gap Eg. In hot-
wire chemical vapor deposition the energy gap is dependent on the conditions used for 
film deposition.  
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2.2.1.2 Theory 
 
A practical situation for a thin film of thickness d on a transparent thick substrate is 
shown in figure 2.2. For simplicity, a set-up where the incident light is normal to the 
sample surface is assumed. The film is also assumed to be uniform and homogeneous, 
while the thick transparent substrate is non-uniform and several orders of magnitude 
larger than the film. The surrounding medium is air with index of refraction equal to 
1. This represents the case where hydrogenated amorphous silicon (a-Si:H) is in the 
form of a uniform thin film on a transparent substrate. The transmission spectrum will 
display an interference pattern due to the a-Si:H thin film alone and the optical 
functions can be determined from the transmission spectrum T(λ)  as measured with a 
spectrophotometer. 
 
 
 
 
Figure 2.2 System of a thin film on a thick transparent substrate [2.4]. 
 
The thin film has thickness d and complex refractive index ( ) iknn −=λ , where n is 
the refractive index and k is the extinction coefficient. The complex refractive index 
for a thick transparent substrate is ( ) iknn ss −=λ . The extinction coefficient is related 
to the absorption coefficient of the material through intensity by xeII /0
α−=  and 
λπα /4 k=  where I is the intensity at position x and I0 is the intensity when x = 0 and 
α is the absorption coefficient in cm-1. The optical functions that will be discussed in 
this thesis are refractive index, energy gap, and absorption coefficient. 
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2.2.1.3 The transmission spectrum 
 
The interference-free transmission for a thick substrate is given by: 
 
                                        ( )221
1
R
RTs −
−=                                                              (2.1) 
where 
2
1
1
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+
−=
s
s
n
nR is the reflection. 
 
In terms of the refractive index of the thick substrate the above equation (2.1) can be 
written as:  
 
                                                 (2.2) 
thus 
 
                                                           
2/1
2 1
11
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −+=
ss
s TT
n                                      (2.3) 
 
The transmission for a-Si:H is given by [2.5]: 
 
                                  2cos DxCxB
AxT +−= δ                                                         (2.4) 
where 
                                       snnA
216=                                                                         (2.4a) 
                                     ( ) ( )231 snnnB ++=                                                            (2.4b) 
                                    ( )( )22212 snnnC −−=                                                          (2.4c) 
                                   ( ) ( )231 snnnD −−=                                                             (2.4d) 
                                    λπδ /4 nd=                                                                        (2.4e) 
                                  ( )dx α−= exp                                                                       (2.4f) 
 
 
 
1
2
2 += s
s
s n
nT
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A typical transmission spectrum for a-Si:H of thickness 1.35 μm is shown in figure 
2.3. The extrema of the interference fringes are given by: 
 
                              2DxCxB
AxTM +−=                                                                      (2.5) 
 
                            2DxCxB
AxTm ++=                                                                        (2.6) 
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Figure 2.3 A typical transmission spectrum for thick non-uniform a-Si:H. 
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2.2.1.4 The transparent region 
 
In the transparent region α = 0 or x = 1. The maximum of the interference fringes is 
given by 
 
                                            
1
2
2 += s
s
M n
nT                                                                  (2.7) 
 
The minima of the interference fringes are given by 
 
                                        ( ) 2224
2
1
4
ss
s
m nnnn
nnT +++=                                                  (2.8) 
or 
                                         ( )[ ] 2/12/122 snNNn −+=                                                    (2.9) 
 
where 
                                                      
2
12 2 +−= s
m
s n
T
nN                                              (2.10) 
 
The refractive index of the film can thus be calculated from equation (2.9). 
 
2.2.1.5 The region of weak and medium absorption 
 
 
The absorption coefficient is α ≠ 0 and x < 1. An equation that is independent of x can 
be obtained by subtracting the reciprocal of equation (2.5) from the reciprocal of 
equation (2.6). 
                                            
A
C
TT Mm
211 =−                                                            (2.11) 
 
 
Substituting equations (2.4a – f) into equation (2.11) yields 
 
                                         ( )[ ] 2/12/122 snNNn −+=                                                  (2.12) 
 
 
 
 
   
 15
 
where N is different from the one in equation (2.10) and is given by 
 
                                   
2
12
2 ++⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= s
mM
mM
s
n
TT
TTnN                                                 (2.13) 
 
Equation (2.12) can then be used to calculate ( )λn  from the extremes of the 
interference fringes. 
 
2.2.1.6 The region of strong absorption 
 
The interference fringes disappear completely. The values of n can be estimated by 
extrapolating the values calculated in the other parts of the spectrum. 
 
2.2.1.7 Thickness determination 
 
The thickness of the films has been calculated from the transmission measurement 
using the interferometric equation  
 
                                                    λmnd =2                                                           (2.14) 
 
where the thickness d and the order number m, are determined using a graphical 
method [2.4]. The interferometric equation can be written for the extrema of the 
spectra as 
 
                                                    ( ) mndl −= λ/22/                                             (2.15) 
 
where  
l = 0, 1, 2, 3,…,  
 
which is a straight line with slope 2d and y-intercept –m. The ordered number m is an 
integer for maximum and half integer for minimum. Figure 2.4 shows a plot 
illustrating the graphical method for the determination of order number and thickness.   
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Figure 2.4 Plot of  2/l   against λ/1  to determine order number m and thickness d. 
 
The refractive index n at each extreme was fitted using a function of the 
form ( ) 03 nan += λλ , where n0 is the refractive index extrapolated at zero energy and a 
constant a. In cases where it is impossible to calculate 0n , it is safe to postulate a value 
of 3.3 [2.6]. A polynomial function for ( )λn  is generated from a best fit through the 
points for different extremes as shown below.  
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Figure 2.5 Plot of refractive index n versus wavelength λ  for a-Si:H. 
 
2.2.1.8 Absorption coefficient 
 
In equation (2.4f) x is called the absorption and is obtained from equation (2.5) and 
(2.6) as 
 
                 
2/12
2
/
2
/
⎥⎥⎦
⎤
⎢⎢⎣
⎡ −⎟⎠
⎞⎜⎝
⎛ +⎟⎠
⎞⎜⎝
⎛ +=
D
B
D
CTA
D
CTAx MM m                                        (2.16) 
 
 
The absorption coefficient α values can then be calculated  
 
                                    .ln1 x
d
−=α                                                                       (2.17) 
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The extinction coefficient can then be calculated from α as: 
 
                                          ( ) π
αλλ
4
=k                                                                      (2.18) 
 
 
2.2.1.9 Optical band gap 
 
 
The band gap is the optical function representing the energy difference between the 
valence band and the conduction band of a semiconductor. Amorphous 
semiconductors have an exponential distribution of conduction and valence bands due 
to the defect states. The optical band gap for such materials can be approximated by 
analysing the measurements of the optical absorption coefficient from  
 
                                           ( ) ( ) 121 ++−= rrgEEcnEα                                                 (2.19) 
 
 
where α is the absorption coefficient in cm-1, E is the photon energy in eV, c is a 
constant, Eg is the energy band gap, and r1 and r2 are the parameters that describe the 
shape of the band edges.  When 5.021 == rr , parabolic band edges are assumed and 
the Tauc band gap is obtained as [2.7]: 
                          
                                         ( ) ( )
Taucg
EEcnE −=2/1α                                               (2.20) 
 
 
When 121 == rr , linear band edges are assumed and the Cubic plot [2.8] is used to 
determine the band gap. 
 
                                              ( ) ( )
Cubicg
EEcnE −=3/1α                                            (2.21) 
 
 
Figure 2.6 shows Cubic and Tauc plots. The extrapolation of the absorption 
coefficient α to zero from equation (2.19) and (2.20) gives the band gap according to 
Tauc ( )
Taucg
E  and Cubic ( )
Cubicg
E  as shown in figure 2.6.  The Cubic gap has a value 
that is generally ~ 0.2 eV  lower than the Tauc band gap. 
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Figure 2.6 Cubic and Tauc gap approximation 
 
 
2.2.2 Fourier Transform Infrared Spectroscopy 
 
2.2.2.1 Introduction 
 
 
Fourier transform infrared spectroscopy is a non-destructive technique to study 
various modes of mechanical vibrations in molecules. In this technique the 
frequencies of mechanical vibrations are used to identify the types of bonds in 
molecules since different functional groups absorb different characteristic frequencies. 
Infrared absorption spectrum provides the information on the amount of hydrogen 
content and bonding configuration in semiconductors in general. Quantitative analysis 
of hydrogen in amorphous hydrogenated silicon enables better insight in the 
material’s properties and gives the opportunity of enhancing the device performance 
because hydrogen plays an important role of passivating the dangling bonds in the 
amorphous network [2.9]. Since hydrogen improves the electrical properties of 
amorphous silicon, its role in a-Si:H has been the subject of many studies [2.10 -2.11].  
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2.2.2.2 Theory 
 
Infrared spectroscopy is the measurement of the absorption of different infrared 
frequencies by a sample positioned in the path of an infrared beam. The changes in 
the transmittance or absorption intensity as a function of the frequency result in an 
infrared spectrum, which represents the molecular absorption and transmission.  
 
Fourier transform infrared (FTIR) spectrometry is essentially based on a Michelson 
interferometer, as shown in figure 2.7. The Michelson interferometer preserves the 
frequency and intensity information. It consists of a beamsplitter, a fixed mirror and a 
moving mirror. The beamsplitter takes the incoming infrared beam and splits it into 
two beams of nearly equal intensity. Half of the infrared beam is transmitted through 
the beamsplitter and directed onto the fixed mirror. The other half reflects off the 
beamsplitter and is directed onto the moving mirror. The beams reflect off the 
surfaces of the two mirrors and recombine at the beamsplitter. Due to the changes in 
the relative position of the moving mirror to the fixed mirror, an interference pattern is 
generated. The resulting beam passes through the sample where selective absorption 
takes place and then continues on to the detector. The detected signal, called the 
interferogram as a function of the moving mirror is fed to a computer. Fourier 
Transformation converts the interferogram to the final infrared spectrum. 
 
Figure 2.7 Michelson interferometer in a Fourier Transform Spectrometer [2.12]. 
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2.2.2.3 Vibrational modes 
 
 
Vibrational infrared spectroscopy has been the first and the most widely used 
experimental method to study hydrogen in semiconductors in general, and in 
hydrogenated amorphous silicon (a-Si:H) in particular. Hydrogen in a-Si:H exists in a 
variety of bonding configurations. These are the monohydride (SiH), dihydride 
(SiH2), polymeric (SiH2)n and the trihydride (SiH3) complexes as shown in Table 2.1. 
 
Table 2.1 Vibrational modes in a-Si:Hx  (x =1, 2, 3) [2.13]. 
 
Bonding configuration Vibrational mode Wavenumber (cm-1) 
Si-H 
 
wag 640 
stretch 2000 
Si-H2 
 
rock and wag 640 
scissors 875 
stretch 2090 
(Si-H2)n 
 
rock 640 
wag 845 
scissors 890 
stretch (sym. and asym.) 2090 - 2150 
Si-H3 
 
bend 860 
wag 910 
stretch 2120 - 2150 
 
 
 
Monohydrides are tightly bonded hydrogen sites, and are the preferred bonding 
configuration for solar cell applications, whereas higher hydrides are weakly bonded 
hydrogen, usually undesired in high proportion for solar cell applications [2.14]. The 
integrated absorption peak of the Si-H mode at 640 cm-1 provides a good measure of 
the total bonded hydrogen content within the amorphous silicon films [2.12]. Since 
silicon hydrogen bonding configurations are also believed to be responsible for the 
material’s vulnerability to light-induced defect creation it is important to know how 
much hydrogen is present in amorphous silicon materials.  
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For PECVD materials it is known that a hydrogen content below 8 at % leads to a 
higher density of defect states in the mid band gap which reduces the photoresponse, 
and it is also known that a hydrogen content higher than 12 at % leads to the 
formation of dihydride bonds and inclusion of higher hydrides [2.15]. However, the 
device quality material with hydrogen content less than 1 at % has been obtained for 
HWCVD deposited films [2.2].   
 
2.2.2.4 Hydrogen concentration 
 
Figure 2.8 shows a typical infrared absorption spectrum measured from a film 
deposited on a crystalline silicon substrate by HWCVD at a substrate heater 
temperature of 200 °C. The different absorption modes of a-Si:H as discussed in table 
2.1 can be seen in this spectrum. The integrated absorption mode is defined as:  
 
                                             ( ) ,ωω
ωα dIw ∫=                                                        (2.22) 
                          
where α is the absorption coefficient and ω is the wavenumber in cm-1. The integrated 
absorption mode is used to determine the atomic density of hydrogen (NH) from  
 
                                                          640640 IAN H ⋅=                                             (2.23) 
 
where 219640 101.2
−×= cmA  is a constant proposed by Langford et al. [2.16]. The 
hydrogen concentration is given by  
 
                                                  %100×+= SiH
H
H NN
NC                                         (2.24) 
                            
where 322105 −×= cmNSi  is the atomic density of silicon [2.17]. 
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Figure 2.8 Typical infrared spectrum of a-Si:H 
The band observed around 2000 cm-1 is often deconvoluted into two peaks centered at 
2000 and 2100 cm-1 as shown in figure 2.9. The motivation being that the 2000 cm-1  
peak is only from Si-H bonds, while Si-H2 bonds give peaks around 2090 cm-1  as can 
be seen in Table 2.1.  
 
Figure 2.9 Deconvolution of the stretching mode band peak. 
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The integrated intensities of these peaks are used to define the microstructure 
parameter ( ∗R ) of the amorphous silicon materials as follows: 
 
                                           
20002100
2100*
II
IR +=                                                         (2.25) 
 
If the intensity of 2000 cm-1 peak is far greater than the one at 2100 cm-1 the material 
will have a lower value of ∗R . For a device quality hydrogenated amorphous silicon 
material with primarily Si-H bonds a value of ∗R  < 0.1 has been proposed by 
Molenbroek et al. [2.18].  
 
2.2.2.5 Experimental set-up 
 
Infrared spectra in the range 4004000 −  cm-1 region were obtained with a Perkin-
Elmer 1005  IR spectrometer equipped with a deuterated tryglycine sulfate (DTGS) 
detector on films deposited on crystalline silicon as a substrate. In this study the 
spectrometer was operated in the transmission mode with 4 cm-1 resolution and 120 
scans each time. In order to account for the absorption of the crystalline silicon 
substrate, the measured spectra were corrected with a background spectrum of the 
substrate with no film. Hydrogen content CH present in the films was determined from 
the absorption modes at 640 cm-1 and the microstructure factor R* was calculated 
from equation (2.25).   
 
2.2.3 Elastic Recoil Detection Analysis (ERDA) 
 
2.2.3.1 Introduction 
 
Elastic recoil detection analysis (ERDA) is a non-destructive analytical technique for 
quantitative analysis and depth profiling of light elements in thin films. This technique 
is similar to the Rutherford backscattering spectrometry (RBS) but the energy of the 
recoiled atoms are measured instead of measuring the energy of the back scattered 
helium ion. Hydrogen cannot be detected by RBS since backscattering can only occur 
from the atoms that are heavier than the projectile ion. ERDA can be used to quantify 
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the hydrogen content by measuring the energy of the hydrogen ions which are 
scattered forward after being hit by a helium ion. Due to the known Rutherford 
scattering cross sections and stopping powers of ions in matter, calculations can be 
done with an accuracy of about 1 %. This technique was first introduced in 1976 by 
L’Ecuyer et al. as a method to determine the hydrogen and deuterium concentration 
profiles in solid materials to a depth of few microns [2.19].   
 
2.2.3.2 Theory 
 
ERDA is a technique based on a high energy projectile to irradiate the target material 
such that different atoms can be ejected from the target material. The ejected light 
elements are scattered in a forward direction. Figure 2.10 shows the schematic 
representation of collision between a projectile of mass M1 with energy E0, and the 
target of mass M2 which is initially at rest. When a MeV projectile collides with a 
target atom, energy is elastically transferred from the projectile to the target. The 
energy transferred in the forward scattering determines the energy of an atom recoiled 
from the surface. 
 
Figure 2.10 Schematic representation of elastic scattering process 
 
The ratio of the recoiled and projectile energies is called the kinematic factor of 
recoiling and is given by: 
 
                                          Kr  = E2 / E0                                                              (2.26). 
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From the energy and momentum conservation laws we have:  
 
                                        ( ) φ2221
21 cos2
MM
MMKr +=                                               (2.27)           
          
with φ  the scattering angle. 
The number of target atoms per centimeter square Ns is related to the number of 
detected particles QD by [2.20]: 
 
                                          ( ) sD NQQ ...Ω= φσ                                                       (2.28) 
 
where ( )φσ  is the differential cross-section, Ω is the solid angle of the detector and Q 
the total number of incident particles in the beam. The value of Q is determined by the 
time integration of the current of charged particles incident on the target. The average 
differential scattering cross-section is defined as [2.20] 
 
                                     ( ) ΩΩΩ= ∫Ω dd
dσφσ 1                                                               (2.29) 
 
Another important characteristic of elastic collision is the probability with which it 
takes place. The probability that one particle from the ion beam ejects a recoil of an 
element in such a way that it starts moving in the direction of the detector is given by 
the Rutherford differential cross-section [2.21]: 
 
                          ⎟⎟⎠
⎞
⎜⎜⎝
⎛ +
⎟⎟⎠
⎞
⎜⎜⎝
⎛=Ω φ
σ
3
21
2
0
2
21
cos
/1
2
MM
E
eZZ
d
d                                              (2.30)                        
 
 
where e is the charge of an electron.  
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2.2.3.3 Experimental set-up 
 
 
ERDA measurements were made using the Van de Graaff accelerator at iThemba 
LABS, Faure. A 3.0 MeV 4He+ beam was used with a current of 20 nA. The 4He+ 
beam was incident at 15° to the sample surface and the sample was tilted by 75° with 
respect to the incident beam. A surface barrier solid state detector with 23 μm Mylar 
(C10H8O4) range foil stopper was used to measure the energy distribution of the recoil 
protons. The ERDA detector was at 30° to the incident beam. Hydrogen content 
calibrations were made using the 125 μm polyimide Kapton (C22H10N2O5) as a 
reference material. Figure 2.11 illustrates the set-up for ERDA measurements.  
 
 
 
Figure 2.11 Experimental set-up for ERDA measurements. 
 
Non-Rutherford recoil cross-section for (4He, H) 4He was chosen for our simulations 
[2.22]. The total bonded hydrogen concentration (CH) was estimated from equation 
2.28. 
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2.2.4 X-Ray Diffraction (XRD) 
 
2.2.4.1 Introduction 
 
X-rays are electromagnetic radiation of very much shorter wavelength ranging from 
0.05 to 0.25 nm as compared to 600 nm wavelength of visible light. They are of the 
same nature as light and the energy they carried is equivalent to νh  where h is the 
Planck’s constant and ν  is the frequency. The rate of energy per unit area is referred 
to as the intensity I. X-rays are used in diffraction analysis to extract the information 
on the structure of the materials. 
2.2.4.2 Theory 
2.2.4.2.1    Absorption 
 
 
X-rays are partly transmitted and partly absorbed when they encounter any form of 
matter. The fractional decrease in intensity I of the beam passing through the 
homogenous substance is proportional to the distance x traversed and is given by  
 
                                                            dx
I
dI μ−=                                                   (2.31) 
 
where μ is the constant of proportionality called the linear absorption coefficient. This 
constant is dependent on the substance considered, its density and wavelength of the 
x-rays. The above equation has a solution  
 
                                                       ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛−= ρ
μρx
eIxI 0                                                (2.32) 
 
 where 0I is the intensity of incident x-ray beam, xI is the intensity of transmitted 
beam after passing through a thickness x. The density and linear absorption coefficient 
are proportional to each other and the quantity ρ
μ is called the mass absorption 
coefficient of the material. In the case of silicon 33.2=ρ  gcm-1, upon Cu Kα 
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radiation with wavelength 1.542 Å used in our experiment and the mass absorption 
has a value μ = 65.32 cmg-1. For a compound with more than one chemical element, 
the mass absorption coefficient is the weighted average of the mass absorption 
coefficient of its constituent elements given as  
 
                                                           
i
n
i
iw∑
=
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
1 ρ
μ
ρ
μ                                             (2.33) 
 where iw is the weight fraction of element i in the compound and 
i
⎟⎟⎠
⎞
⎜⎜⎝
⎛
ρ
μ their mass 
absorption coefficient. 
 
2.2.4.2.2   Crystal structure 
 
 
A crystal is defined as a solid composed of atoms arranged in a periodic pattern in 
three dimensional space. By dividing the space with three sets of planes a set of unit 
cells with identical size, shape, and orientation can be obtained. Each unit cell is 
described by the vectors a, b, c called the crystallographic axes and by lattice 
parameters a, b, c and α, β, γ. The vectors describing the unit cell are drawn from one 
corner of the cell taken as origin as shown in figure 2.1. 
 
 
 
Figure 2.12 A unit cell [2.23] 
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 The number of lattice point per cell is given by  
 
                                                  82
cf
i
NNNN ++=                                          (2.34) 
 
where iN is the number of interior points, fN is the number of points on faces and 
cN is the number of points on corners. Any cell containing lattice points on corners 
only is primitive, while one containing additional points on interior or faces is non-
primitive. Examples of non-primitive cells are body-, face-, and base-centered cells.  
 
 
The direction of any line in a lattice may be described by first drawing a line through 
the origin of any unit cell and taking the coordinates of any point on the line through 
the origin. The [uvw] are the indices of the direction of the line and of any line 
parallel to the given line. Negative indexes are written with a bar over the number e.g. 
[ūvw]. Figure 2.3 shows the indices of direction for a general unit cell. 
 
 
Figure 2.13 Indices of direction for a general unit cell [2.23]. 
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2.2.4.2.3   Diffraction of X-rays 
 
  
X-ray diffraction was used to obtain information about the orientation of the 
crystallites present in the layers. This technique is based on the diffraction of a 
monochromatic X-ray beam on a crystal lattice. When X-rays are scattered from a 
crystal, we can think of the scattering as taking place as a reflection from planes 
drawn through successive layers of atoms in the crystal, as shown in Figure 2.14. 
 
 
Figure 2.14 Schematic representations of x-ray diffraction by crystals [2.23]. 
 
 
The path length of radiation reflected from the second plane is longer by a distance 2x 
than the path length of radiation reflected from the first plane.  If this path length 
difference is a whole number of wavelengths, the radiation reflected from the two 
planes will interfere constructively to produce an intensity maximum.  From the 
crystal geometry, the interference condition can be determined to be 
 
      2d sin θ = nλ                                                      (2.35) 
 
where λ is the X-ray wavelength, d is the distance between the crystal planes and θ is 
referred to as the Bragg’s angle. This equation is known as Bragg’s law and it 
explains the conditions for diffraction of X-rays. The Bragg condition is not 
completely fulfilled in amorphous solids due to the lack of long-range order. The 
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amorphous phase is characterized by one broad peak, whereas sharp peaks are 
observed in XRD spectra with crystals due to positive interference originating from 
the scattering from regularly spaced atoms.  Figure 2.15 shows typical XRD spectra 
for amorphous and nano-crystalline silicon respectively.  
 
 
 
Figure 2.15 X-ray diffraction spectra for (a) a-Si [2.24] and (b) nc-Si [2.25] 
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The distance between the crystal planes d can be accurately obtained from equation 
(2.35) since λ is known. For a cubic crystalline system, the lattice constant a is then 
calculated from the equation  
 
                                                        
222 lkh
adhkl ++=                                        (2.36) 
 
where h, k, and l are the Miller indices of plane. 
 
 
2.2.5 Raman Spectroscopy 
 
2.2.5.1 Introduction 
 
 
Raman spectroscopy is a technique most often used to study the variation in the 
structural properties of a-Si:H. Since this technique is extremely sensitive to very 
small changes in the order it has been used in the present study to verify that the films 
are still amorphous. Analyses of the Raman spectra provide information on both 
intermediate and short-range order in the materials. The latter is related to the root 
mean square angle deviation in the amorphous network. The a-Si:H films used for the 
Raman measurements were deposited on Corning 7059 glass and crystalline silicon 
substrates.  
 
2.2.5.2 Theory 
 
 
Raman technique is a vibrational molecular spectroscopy technique based on the 
inelastic light scattering process. With Raman spectroscopy a laser photon is scattered 
by a sample molecule and loses or gains energy during the process. The scattered 
photons have the same wavelength as incident light and the process is known as 
Rayleigh scattering. However, a small fraction of the scattered light has different 
wavelengths and is scattered inelastically. This is due to the interaction of the 
electromagnetic field with a molecule. The electric field may induce an electric dipole 
in the molecule given by  
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                                                            Ep α=                                                         (2.37) 
 
where α is the polarizability of the molecule and p is the induced dipole. Unlike 
dipole moment changes in infrared spectroscopy, the polarizability α must change in 
order for a particular molecule to be Raman active. The change in wavelength of the 
scattered photon provides the information on chemical and structural variations in the 
materials. 
 
2.2.5.3 Application on thin films 
 
 
For measurement present in this thesis, the Raman spectra were recorded in the 
energy range of 100 – 900 cm-1. In this range the phonon modes due to amorphous 
and crystalline silicon contribution are visible. The characteristics of the hydrogenated 
amorphous silicon (a-Si:H) are transverse acoustic (TA) mode around 160 cm-1, 
longitudinal acoustic (LA) mode around 330 cm-1, longitudinal optical (LO) mode 
around 445 cm-1, the transverse optical (TO) mode associated to Si-Si bond around 
480 cm-1  and the Si-H bond around 640 cm-1. The full width at half maximum 
(FWHM) of the 480 cm-1 TO mode is related to the root-mean-square bond angle 
variation ( bθΔ ) as follows [2.26]: 
 
                                                        bTO θΔ+=Γ 35.72/                                          (2.38) 
 
where 2/TOΓ represents the FWHM in cm-1 and bθΔ  is in degrees. The above 
equation (2.38) shows that the 2/TOΓ  is proportional to bθΔ and allows a measure of 
the short-range structural order deviation from a crystalline value of 109.5° [2.27]. 
For maximally ordered and maximally disordered networks, bθΔ  values in the range 
of 7.4° - 8.2° and 11.0° - 14.1° are obtained respectively [2.28].  
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In crystalline materials, the phonon contribution at around 510 cm-1 and 520 cm-1 are 
visible depending on the amount of crystallites in the materials. The former 
corresponding to a distribution of small crystallites or grain boundaries, and the latter 
to single crystalline silicon TO mode [2.29]. The crystalline fraction is calculated 
from the formula suggested by Brogueirra et al. [2.30]: 
 
                                                      
520510480
520510
III
IIRc ++
+=                                        (2.39) 
 
where 480I , 510I , and 520I are the integrated intensities corresponding to the respective 
Gaussians. 
 
2.2.6 Cross-sectional Transmission Electron Microscopy 
(XTEM) 
 
 
Transmission electron microscopes (TEM) are patterned after transmission light 
microscopes and thus operate on the same basic principles as the light microscope but 
uses electrons instead of light. The much lower wavelength of electrons makes it 
possible to get a resolution of a thousand times better than the light microscope. The 
transmission electron microscopy is used to obtain information from samples which 
are thin enough to transmit electrons; the electrons transmitted from the samples are 
generally used to from an image or a diffraction pattern of the specimen. The 
examination of the specimen can yield the following information; 
I. Morphology: the size, shape and arrangement of the particles which make up the 
specimen as well as their relationship to each other on the scale of atomic 
diameters.  
II. Crystallographic information: the arrangement of atoms in the specimen and 
their degree of order, detection of atomic-scale defects in areas a few 
nanometers in diameter.  
III. Compositional information (if so equipped): the elements and compounds the 
sample is composed of and their relative ratios, in areas a few nanometers in 
diameter. 
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2.2.6.1 Imaging in TEM 
 
 
There are two fundamentally different ways of obtaining images of samples in TEM 
• Conventional imaging – involves the use of an aperture in the back focal 
plane, which allows only one electron beam to contribute to the image. The 
objective aperture is used to select only one electron beam from which to form 
the image; a bright field is formed if directly transmitted beam is selected and 
a dark field image is formed if diffracted beam is selected. This technique is 
usually used when crystal defects are imaged. 
• High resolution imaging – also involves the use of an aperture, but the beam 
and a number of diffracted beams are allowed to contribute to the image. 
 
 
Figure 2.16 A cross-section of the basic components of the Transmission Electron 
Microscopy (TEM).  The optical analogue is provided on the right [2.31]. 
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The electron gun on top of the column in figure 2.16 consists of the filament, 
Wehnelt Cap and the anode. A positive electrical potential is applied to the anode. 
The filament is heated until a stream of electrons is produced. Once produced, 
they are accelerated by the positive potential down the column. A negative 
electrical potential is applied to the Wehnelt Cap. As the electrons move toward 
the anode those emitted from the filament's side are repelled by the Wehnelt Cap 
toward the optic axis. A collection of electrons called the space charge occurs in 
the space between the filament tip and Wehnelt Cap. Those electrons at the 
bottom of the space charge exit the gun area through the small (<1 mm) hole in 
the Wehnelt Cap and then move down the column. This beam is deflected onto the 
optical axis by the gun deflector coils which are controlled by the gun alignment 
tilt and shift controls. 
The beam is then focused down to a small spot by the first condenser lens, the 
setting of which controls the ultimate spot size attainable by the condenser system. 
The second condenser lens projects the beam at the specimen in such a way that 
the area illuminated and the convergence angle can be controlled. Below the 
second condenser lens is the condenser aperture. It effectively controls the number 
of electrons which are allowed into the beam and hence helps to determine the 
intensity of the illumination. The condenser stigmator compensate for astigmatism 
in the illuminated system and creates the beam profile at the specimen. The 
wobbler coils and two sets of alignment at approximately the same place in the 
column bring the beam exactly onto the optical axis.  
  The beam strikes the specimen and parts of it are transmitted; the transmitted 
portion is focused by the objective lens and forms an intermediate image at a 
magnification of about 50×. The objective aperture in the back focal plane of the 
lens and selected area aperture restrict the beam; the objective aperture enhancing 
contrast by blocking out high-angle diffracted electrons, the selected area aperture 
enabling the user to examine the periodic diffraction of electrons by ordered 
arrangements of atoms in the sample. The image is passed down the column 
through the intermediate and projector lenses, being enlarged all the way for the 
user to see the image. The darker areas of the image represent those areas of the 
sample that fewer electrons were transmitted through. The lighter areas of the 
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image represent those areas of the sample that more electrons were transmitted 
through. Finally, a shutter and camera are located below the fluorescent screen. 
2.2.6.2 Diffraction in TEM 
 
 
In TEM diffraction is formed in the back focal plane of the objective lens. There are 
two fundamental ways of examining the diffraction pattern from a selected area 
aperture i.e. one using an aperture and the other one using a focused electron probe to 
define the selected area. In the first method, a large part of the sample is illuminated 
with electrons but only those electrons generated from the area define by the aperture 
contribute to the diffraction pattern. The second method involves condensing the 
electron probe on to the area of interest, so that the probe position uniquely defines 
from where the diffracted beams originate. 
 
The conditions for electron diffraction are also described by equation 2.35, where λ is 
the wavelength of the electrons instead of X-rays. For first order diffraction n=1, and 
equation 2.35 becomes  
                                                θλ sin2d=                                                          (2.40) 
 
For small angles of θ, which is typical for electron diffraction, we can write θθ =sin , 
and the equation reduces to 
                                              θλ d2=                                                                    (2.41) 
 
When the incident electron-beam satisfy the diffraction angle for the specific plane, a 
crystal grain will appear bright if the diffracted beams pass through the objective 
aperture and dark if stopped by the objective aperture. Hence, in polycrystalline 
material some grains will appear bright and some dark, depending on their orientation 
with respect to the electron beam. In the case of amorphous material the diffraction 
pattern will contain no discrete maximum due to the random distribution of atoms in 
the network without any distinct repeating structure. For such materials the diffraction 
pattern rather consists of diffuse diffraction rings around the bright central spot of 
unscattered electrons. 
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CHAPTER 3     OPTICAL PROPERTIES AND THE 
CONCENTRATION OF HYDROGEN  
 
3.1 Deposition rate 
 
The deposition rate is one of the characteristics that play a fundamental role in the 
suitability of any deposition process for device application. It is defined as the ratio of 
the total thickness of the deposited film and the deposition time as follows: 
 
                                               
d
d t
dr =                                                  (3.1) 
 
In this study two series of samples were deposited by varying the substrate heater 
temperature from 130 to 200 °C in order to study the influence of the temperature on 
the properties of the materials. The first series of films were deposited from silane and 
the second series from silane diluted with 80 % of hydrogen gas. These series of films 
are referred to as undiluted and diluted series respectively. All the deposition 
parameters were kept constant while varying the substrate heater temperature. A 
deposition time, td, of 30 minutes was used for diluted series as compared to 8 minutes 
used for undiluted series. The reason for using different deposition times was to 
control the thickness.  
 
In figure 3.1 the deposition rate rd is plotted as a function of the substrate heater 
temperature Tsub. A decrease in the deposition rate with an increase in the temperature 
of the substrate heater was observed for both series of films. This may be due to a 
decrease in the sticking coefficient of the precursors on the growing surface because 
atoms have more kinetic energy to move around on the surface before sticking to a 
specific site. Feenstra et al. [3.1] has also obtained similar results for his ‘thin’ films 
deposited below temperature of 350 °C. Lower deposition rate obtained for the diluted 
films as compared to undiluted films is due to the less amount of silane in the gas 
mixture used to deposit these films.   
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Figure 3.1 Deposition rate versus substrate heater temperature. 
3.2 Refractive index 
 
The refractive index for hydrogenated materials is defined as energy available to 
atoms during the growth process (i.e. the substrate temperature) and is related to the 
mass density of the material. The mass density is dependent on the thermal energy so 
that at slower growth rate a more dense material resulted.  In figure 3.2 the refractive 
index n0 extrapolated at =υh 0 eV is plotted against the temperature of the substrate 
heater Tsub. The plot shows an increase in the refractive index with an increase in the 
temperature of the substrate heater for both sets of deposited films. This densification 
of the materials with the substrate heater temperature can be explained by the 
following model [3.2]: at higher substrate heater temperature the molecules arriving at 
the surface have a higher kinetic energy, which enable them to move freely in search 
of a site with higher electronegativity, possibly displacing hydrogen from the surface 
bond. This results in a higher densification of the material as at the lower temperature. 
Figure 3.3 shows a decrease in refractive index with an increase in deposition rate 
which is a common trend in chemical vapor deposition of silicon. Feenstra has 
suggested that the change in deposition rate is caused by the growth of denser material 
as the temperature increases [3.1].  
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Figure 3.2 Refractive index against substrate heater temperature 
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Figure 3.3 Refractive index versus deposition rate 
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3.3 Energy gap 
 
Figure 3.4 show plots of the Tauc gap as a function of the substrate heater temperature 
for the two sets of films. In both sets of films the Tauc gap increases with an increase 
in the substrate heater temperature. The observed trend is due to hydrogen 
incorporation in the materials because increase in hydrogen concentration causes a 
chemical shift of the valence band states to the lower state resulting in widening the 
band gap. The plots in figure 3.4 also show greater band gap values for undiluted 
materials as compared to diluted materials. Normally high dilution means more H 
result less Si, thus slower growth rate, with H also acting as an etching agent 
removing or breaking Si bond that is strained or weak. This leads to a material of 
higher density, as found in figure 3.2. This material has a small bandgap closer to a 
perfect a-Si material. The more strained, higher CH material from undiluted where 
there has a higher bandgap.  
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Figure 3.4  Tauc gap against substrate heater temperature. 
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3.4 Absorption coefficient 
 
The absorption coefficient of a material indicates how far light having a specific 
wavelength (or energy) can penetrate the material before being absorbed. A small 
absorption coefficient means that the material does not readily absorb light. Again, the 
absorption coefficient of a solar cell depends on two factors: the material making up 
the cell, and the wavelength or energy of the light being absorbed. Light whose 
energy is below the material's band gap cannot free an electron and so cannot be 
absorbed. Figure 3.5 shows the absorption coefficient of films deposited using the 
substrate heater temperature in the range 130 °C – 200 °C at photon energy of 2eV. 
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Figure 3.5 Absorption coefficients against the substrate heater temperatures. 
It was expected that an increase in temperature of the substrate heater would results 
with a decrease in the absorption coefficient, since larger band gap materials were 
obtained as temperature of the substrate heater increases. However, figure 3.5 shows 
that there is no direct meaningful relationship observed between the absorption 
coefficient and the temperature of the substrate heater for both sets of deposited films. 
Figure 3.5 also shows that the diluted materials have a higher absorption coefficient 
than the undiluted materials in the range of substrate heater temperature studied due to 
their differences in band gaps. This implies that diluted materials can absorb more 
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photons than undiluted materials produce at the same heater temperature range. In 
figure 3.6 the absorption coefficient at 2eV photon energy is plotted against the 
energy gap for diluted and undiluted sets of deposited materials. The dotted line 
around 1.80 eV separates smaller band gap materials to the greater band gap 
materials. From figure 3.6, it is clear that smaller band gap (Eg(Tauc) ≤ 1.80 eV) 
materials have absorption coefficients ≥ 1.4 ×104 cm-1, whereas larger band gap 
(Eg(Tauc) > 1.80 eV)  materials have absorption coefficient  less than 1.4 ×104 cm-1. 
Hence the trends observed in figure 3.5 is attributed to the comparable band gaps of 
the materials, especially at Tsub ≤ 170 °C. 
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Figure 3.6 Absorption coefficients against Tauc band gap 
3.5 Hydrogen concentration and microstructure factor 
 
Figure 3.7 shows the infrared absorption spectra of samples deposited at different 
substrate heater temperatures. The thin vertical dotted lines in the graph indicate the 
peak positions of different absorption modes observed for all deposited samples. The 
most observable absorption bands are the Si-H rocking-wagging modes at 640 cm-1 
and the stretching modes at 2000 – 2100 cm-1. Samples deposited at Tsub ≤  150 °C 
shows a greater contribution of dihydrides or clusters at 2100 cm-1 while other 
samples deposited at higher temperatures shows a very small contribution of the 
dihydrides or clusters. 
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Figure 3.7 IR absorption spectra for films deposited with 80 % H2 dilution of SiH4 
 
The concentration of hydrogen in the materials is plotted against the substrate heater 
temperature in figure 3.8. The plots show a slight increase in the concentration of 
hydrogen from 7.4 to 8.3 at % as the substrate heater temperature increases to 200 °C 
for diluted materials, while a larger increase in the concentration of hydrogen was 
observed for undiluted materials deposited at substrate heater temperature in the range 
130 - 170 °C. The trend observed in figure 3.8 disagrees with results obtained by 
many researchers [3.1, 3.3]. The increase in hydrogen concentration with increasing 
temperature for undiluted materials is thought to be the results of higher formation of 
(SiH2)n chains and the voids in the materials, whereas a decrease in hydrogen 
concentration to 9.4 at %  results from the formation SiH and less formation of 
(SiH2)n. Since the microstructure parameter R* reflects the bonding configuration of 
the hydrogen in the a-Si:H network, the hydrogen concentration in undiluted materials 
is much more dependent on R*. This can be seen in figure 3.9 where R* shows 
exactly the same behavior as the one observed in figure 3.8.  
 
 
 
 
   
 49
Tsub (°C)
120 140 160 180 200 220
C
H
 (a
t %
)
7
8
9
10
11
12
13
undiluted
diluted
 
Figure 3.8 Hydrogen concentration versus the substrate heater temperature. 
 
The hydrogen bonding configurations in the materials has been studied from the 
deconvoluted absorption bands of the vibrational stretching modes of the infrared 
spectra at 2000 and 2100 cm-1, associated with the isolated monohydrides (SiH) and 
the polyhydrides (SiH2)n or clustered monohydrides (SiH)n respectively. In figure 3.9 
the microstructure factor R* is plotted against the substrate heater temperature. For 
diluted materials a monotonic decrease in the microstructure factor was observed as 
the substrate heater temperature increases. This is an indication that the polyhydrides 
looses an H when more H + H2 is present in the gas, i.e. atomic hydrogen etched the 
existing H away leaving only the more stable H-Si bond. However, the lowest value 
of R* obtained is 0.25. This value is still high and the materials may exhibit low 
stability during prolonged illumination [3.4].  For undiluted materials R* was found to 
first increase from 0.35 to 0.43 when the Tsub was increased from 130 °C to 170 °C. 
Further increasing Tsub to 200 °C decreases R* from 0.43 to 0.1. Since this value is 
comparable to the one proposed by Molenbroek et al. [3.5] this may be an indication 
for a device quality a-Si:H film. 
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Figure 3.9 Microstructure factor versus substrate heater temperature. 
 
3.6 Energy band gap versus hydrogen concentration 
 
In the Plasma Enhanced Chemical Vapor Deposition (PECVD) technique, the band 
gap of a-Si:H exhibits a clear relation with hydrogen concentration in the materials as 
shown in figure 3.10. The band gap increases linearly as the hydrogen concentration 
in the samples increases to 11 at %. Then up to a hydrogen contents of approximately 
20 at %, the band gap remains constant [3.6, 3.7]. The results for Hot-Wire Chemical 
Vapor Deposition (HWCVD) materials are also shown in figure 3.10. For hydrogen 
concentrations above 7 at % the band gaps of both PECVD and HWCVD material as 
a function of the hydrogen concentration are similar.  
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Figure 3.10 Plot of Tauc band gap against the hydrogen concentration [3.1]. 
 
The plots showing the variation of Tauc band gap as a function of hydrogen 
concentration for a-Si:H samples deposited at different substrate heater temperature 
are shown in figure 3.11 for undiluted and diluted sets of samples.  The plots show 
band gap values less than 1.80 eV for samples containing hydrogen concentration less 
than 8 at %. For diluted materials the band gap values increase from 1.78 to 1.84 eV 
when the concentration of hydrogen increases from 7.4 to 8.3 at %. Mahan et al. [3.8] 
has observed similar trend for hot-wire materials.  A large increase in the Tauc band 
gap from 1.78 to approximately 1.91 eV is observed for undiluted samples as the 
concentration of hydrogen increases from 7.8 to 9.4 at %. Then up to a hydrogen 
concentration of approximately 9.4 at %, the band gap started to decrease until it 
reaches approximately 1.86 eV as the hydrogen concentration continue to increase. 
This behavior disagrees with the results shown in figure 3.10. 
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Figure 3.11 Tauc band gap against the hydrogen concentration for HWCVD films 
3.7  Stretch modes and hydrogen concentrations  
 
Figure 3.12 shows the full width at half maximum (FWHM) of the stretch mode for 
the sets of material deposited with 80 % and without hydrogen dilution of silane gas. 
The undiluted materials show a narrowing of the stretch mode full width at half 
maximum (FWHM) from 83 to 72 cm-1 with an increase in the hydrogen 
concentration from 7.8 at % to 12 at%.  This is an indication that the network around 
Si-H groups is unstrained and relaxed and is in a good support with the results 
obtained in figure 3.4. In addition, a narrow value of approximately 60 cm-1 was 
obtained for material containing 9.4 at % hydrogen. This narrow FWHM has been 
reported to be the universal value for low hydrogen concentration films and is 
independent of the method used to obtain low CH values; either by HWCVD growth 
at elevated temperature or by SP PECVD film annealing [3.9, 3.10]. Although, the 
hydrogen concentration in our film is much higher  as compared to CH = 1 at % 
reported for narrow FWHM, then the obtained 60 cm-1 also represents the 
homogenous linewidth for clustered hydrogen in this HWCVD film.  A broadening of 
the stretch mode FWHM is observed from 70 to 87.5 cm-1 for diluted materials with 
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an increase in hydrogen concentration from 7.4 at % to 8.3 at %. This trend is in 
accordance with the results obtained by Mahan et al. [3.9] and is thus an indication 
that the strain around Si-H groups in amorphous hydrogenated silicon network 
increases with increasing hydrogen concentration (i.e. increasing substrate heater 
temperature) of the films.   
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Figure 3.12 Infrared Si-H full width at half maximum (FWHM) for HWCVD films 
stretch mode against hydrogen content. 
Figure 3.13 and 3.14 show the ratios of the peak heights and the peak intensities 
examined by Mahan and his co-workers for HWCVD films respectively [3.9]. They 
obtained the stretch/wag peak ratios in the range 0.40 – 0.60 and the peak intensities 
in the range 0.16 -0.18 for films containing 6.0 to 13 at % hydrogen. These ratios are 
in excellent agreement with those obtained by Beyer and Abo Ghazala for standard 
PECVD films [3.11].  At hydrogen concentrations less than 6.0 at %, these ratios were 
found to increase with decreasing hydrogen concentrations and approaches 1.0 and 
0.23 respectively.   The results for the stretch/wag peak heights and peak intensities 
ratios for the films deposited in this study are shown in figure 3.15 and 3.16 
respectively.  Contrary to the observed trend, our films show an increase in both 
stretch/wag peak heights and peak intensities ratios. This trend was more observable 
for diluted films as compared to undiluted films showing only a slight increase.   
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Figure 3.13 IR  ht(2000)/ht(640) for both HWCVD and PECVD films vs CH [3.9]. 
 
Figure 3.14 IR I(2000)/I(640) vs HWCVD films CH [3.9]. The solid line indicates the 
fit from Beyer and Abo Ghazala [3.11]. 
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Figure 3.15 IR ht(2000) / ht(640) for HWCVD films vs CH. The solid and dotted  lines 
are guides to the eyes. 
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Figure 3.16 IR I(2000) /I(640)  for HWCVD films vs CH. The solid and dotted lines 
are guides to the eyes. 
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The stretch mode peak position for films deposited from 80 % hydrogen dilution ratio 
of silane gas and films deposited from silane gas without any hydrogen dilution are 
plotted in figure 3.17 as a function of hydrogen concentration. A slight decrease of the 
stretch mode peak position from 1990 cm-1 to 1987 cm-1 is observed for films 
deposited from 80 % hydrogen dilution ratio of silane gas. Mahan et al. has obtained 
an infrared peak position of 1985 cm-1 for HWCVD films with almost all of the H 
bonded in the clustered state. Contrary to his results, the diluted films discussed in the 
present study have shown that most of the hydrogen is bonded on the isolated state 
rather than clustered state and the isolated state content increases with increasing 
hydrogen concentration while clustered content decreases hence the approach of 
Keudell and Abelson [3.12] can be used to explain the observed infrared peaks. At 
low hydrogen concentration as obtained for these films, the hydrogen chemical 
potential is low and hydrogen is preferentially bonded at isolated dangling bonds and 
vacancies leading to the obtained infrared peaks.  
 
 
However, films deposited from silane gas show an increase in peak position of the 
stretch mode from 2002.5 cm-1 to 2015 cm-1 with an increase in hydrogen 
concentration from 7.8 at % to 9.4 at %, from then an increase in hydrogen 
concentration to 12 at % was observed as the peak position decrease to 1987 cm-1. 
Since it has been shown in the previous sections that undiluted film deposited at 
substrate heater temperature of 200 ºC contain 9.4 at % hydrogen concentration has 
improved microstructure (R* = 0.1) and narrow FHWM, then the peak position below 
2005 cm-1 is being interpreted following Ossikovski and Drevillon [3.13] as being due 
to increased structural disorder at the film/substrate interface although the present 
films are thicker than those they discussed. This is supported by an increase in 
microstructure shown in figure 3.9 as hydrogen concentration (substrate heater 
temperature range 130 – 170 °C) increase. The IR 1987 cm-1 peak position obtained 
for film with 12 at % hydrogen can be explained as being due to the rise in chemical 
potential thus leading to clusters configurations. 
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Figure 3.17 Stretch mode peak positions for HWCVD films. 
3.8 Bonded and molecular hydrogen concentration 
 
Quantitative analysis of hydrogen concentration was also performed by Elastic Recoil 
Detection Analysis (ERDA) technique. In contrast to Fourier Transform Infrared 
(FTIR) spectroscopy, which determines the amount of bonded hydrogen only, this 
technique measure the absolute total hydrogen concentration i.e., bonded and non-
bonded hydrogen concentrations. Figure 3.18 shows the depth profile spectra obtained 
from the ERDA measurements of samples deposited on crystalline silicon substrate at 
different substrate heater temperature. The thick solid lines represent the simulated 
data while the scattered lines represent the experimental data. The differences in the 
spectral height are an indication of the differences in the total hydrogen concentration 
in the deposited samples. 
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Figure 3.18 ERDA hydrogen profiles for samples deposited with and without 80 % 
hydrogen dilution of silane gas at 130 °C and 200 °C by HWCVD. 
 
 
Figure 3.19 shows the hydrogen concentrations determined by FTIR spectroscopy and 
ERDA as a function of substrate heater temperature for two sets of deposited samples. 
The hydrogen concentration for diluted set of samples determined by both methods 
shows an identical overall tendency and no systematic difference in the trend is 
apparent.  This agrees very well with the results obtained by Kroll et al. [3.14].  
Contrary to the diluted samples, undiluted set shows much systematic difference in 
the trend observed between these two techniques. For both sets of samples, it is 
apparent that most of the hydrogen is trapped in the internal microvoids or 
microcavities present in the sample since ERDA is sensitive to all the hydrogen. 
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Figure 3.19 Hydrogen concentrations of the samples determined by FTIR and ERDA 
as a function of the substrate heater temperature for diluted and undiluted samples. 
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3.9 Conclusion 
 
It was found that the deposition rate decreases with an increase in the substrate heater 
temperature. The difference in the deposition rate of the films was manifested for the 
entire range of the substrate heater temperature studied with high deposition rate in 
the undiluted series. The lowest deposition rate obtained for diluted samples is 
comparable to the one reported for device quality a-Si:H film showing that higher 
deposition rates were achieved for the entire range of substrate heater temperature 
studied. The refractive index was found to increase with an increase in the substrate 
heater temperature with average values in the range 3.25 – 3.35 for all films produced 
at Tsub ≥ 150 °C. The increase in the refractive index with the substrate heater 
temperature suggested by Feenstra et al. [3.1] was manifested.  
 
It is observed that the diluted films exhibit enhanced absorption coefficient rather than 
undiluted films due to the difference in energy gaps. A clear relationship between the 
films hydrogen concentration (CH) and microstructure parameter (R*) has been shown 
for both series of HWCVD films. An increase in hydrogen concentration increases the 
microstructure parameter and vice versa for undiluted films. This is not the case for 
diluted films, an increase in hydrogen concentration lead to the improvement of the 
microstructure parameter. Furthermore, we showed that films deposited at the 
substrate heater temperature of 200 °C are more homogenous than other films 
deposited at lower temperatures. Hence, the optical properties and hydrogen 
concentration of the deposited films depends upon whether the films were deposited 
with or without hydrogen dilution. Finally, we have shown that film deposited from 
silane gas at 200 °C has better properties (i.e. optical properties and improved 
microstructure parameter). 
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CHAPTER 4 STRUCTURAL PROPERTIES OF THE 
DEPOSITED MATERIALS  
4.1 Effect of substrate heater temperature 
 
In order to deposit hydrogenated amorphous silicon a low temperature of the substrate 
heater regime, 130 °C ≤ Tsub ≤ 200 °C, has been selected for this study. Two series of 
films, diluted and undiluted, with thickness ranging from 0.761 to 1.335 μm were 
deposited. The deposition rates for all the samples were ≥ 0.47 nm/s. Raman 
spectroscopy have been used to obtain the information about the structural 
development of a-Si:H films during growth. The obtained spectra were analyzed by 
the deconvolution into five Gaussians corresponding to the longitudinal acoustic 
(LA), longitudinal optical (LO), transverse optical (TO), two peaks due to the 
crystallites contribution at 510 cm-1 and 520 cm-1 phonon modes.  Figure 4.1 shows 
the Raman spectra for diluted films deposited at different substrate heater temperature 
by hot-wire chemical vapour deposition (HWCVD).  
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Figure 4.1 HWCVD Raman spectra for samples deposited at different substrate 
heater temperature on c-Si substrate with 80 % hydrogen dilution of silane gas. 
 
 
 
 
   
 63
 
In the above spectra a smooth and broad amorphous peak at around 480 cm-1 and a 
little shoulder around 520 cm-1 are the most observable features. Contrary to the 
increases in the position of TO peak observed by Hishikawa et al. [4.1], the TO peak 
position was found to be fixed at 480 cm-1 for all temperature range chosen in this 
study. This is attributed to the differences in the hydrogen concentration in the 
materials and the crystallites contribution present in our samples. The crystalline 
fraction was found to increase from 0.124 to 0.168 with an increase in substrate heater 
temperature as shown in figure 4.2. However, a-Si:H  films have been prepared 
previously in our group at the high substrate heater temperature of 410 °C, a pressure 
of 40 µbar, and 87 % hydrogen dilution ratio of silane gas [4.2]. These deposition 
conditions are much higher as compared to the parameters employed in this study; 
hence we expected the films to be amorphous. The increase in crystalline fraction 
with substrate heater temperature is therefore attributed to difference in structural 
properties of the films.  We suggest that there is a contribution from the crystalline 
silicon substrate on the high energy side for all the Raman spectra since the peak due 
to substrate (c-Si) can also be obtained at around 520 cm-1.  
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Figure 4.2 Crystalline fractions for diluted samples prepared by HWCVD on 
crystalline silicon substrate at different temperature of the substrate heater 
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The substrate contribution was also observed for undiluted materials as seen by 
deconvoluted Raman spectra in figure 4.3 and 4.4.  For film produced at 150 °C, 
amorphous TO peak, and crystallites contribution at 520 cm-1 were clearly visible, 
while for film deposited at 170 °C only a broad TO peak characteristics of amorphous  
silicon material was more noticeable.  
 
 
Figure 4.3 Deconvoluted Raman spectrum for undiluted film produced at substrate 
heater temperature of 150 °C on crystalline silicon substrate. 
 
Figure 4.4 Deconvoluted Raman spectrum for undiluted film produced at substrate 
heater temperature of 170 °C on crystalline silicon substrate. 
Figure 4.5 shows the X-ray diffraction spectra for films shown in figure 4.3 and 4.4.  
Contrary to the results obtained from the Raman spectra of these films X-ray 
diffraction measurements show that the films are still amorphous as can be seen by a 
broad amorphous peak centered around 2θ = 28°. XRD results for diluted series in 
figure 4.6 also show that the films are amorphous as well. 
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Figure 4.5 X-ray diffraction spectra for undiluted samples deposited at different 
temperature of the substrate heater on Corning 7059 glass substrate 
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Figure 4.6 X-ray diffraction spectra for diluted of samples deposited at different 
temperature of the substrate heater on Corning 7059 glass substrate. 
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Raman scattering measurements were also performed for films deposited on Corning 
glass. Figure 4.7 shows the spectra of films deposited at various substrate heater 
temperatures by HWCVD technique. In these spectra the transverse optical (TO) band 
and the transverse acoustic (TA) band modes are the most noticeable features.  The 
broad and smooth nature of Raman Si-Si TO mode indicates that the films are 
amorphous since there is no contribution of the crystalline peak mode at 520 cm-1.The 
Raman scattering results extracted from the spectra in figure 4.7 are summarized in 
Table 4.1 together with their respective thickness and bonded hydrogen 
concentrations. 
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Figure 4.7 HWCVD Raman spectra of the films deposited at various substrate heater 
temperatures on Corning glass. 
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Table 4.1 Raman structural properties, hydrogen content  and thickness of the 
deposited films 
Sample  
name Tsub (°C) 
Thickness 
(nm) CH (at %) 
FWHM of  
480 cm-1 TO 
mode 
 (cm-1) 
bθΔ  
(degrees) 
mw191 
(undiluted) 130 1100 7.8 35.165 9.222 
mw194 
 (diluted) 150 1330 7.4 32.982 8.494 
mw197 
(diluted) 170 1170 7.7 34.807 9.102 
mw200 
(diluted) 200 841 8.3 35.382 9.294 
 
 
 
 
The root-mean bond angle variations ( bθΔ ) of the spectra shown in figure 4.7 are 
plotted in figure 4.8 as a function of thickness. It is seen that the increase in the film 
thickness (i.e. decrease in substrate heater temperature) leads to an improved ordering 
of the amorphous network on short range scale approaching a value of 8.4° for film 
with a greater thickness. Thus, all the films are slightly ordered with TO spectral 
band, TOω , around 480 cm-1.  Contrary to a slight decrease in bθΔ  with increasing Tsub 
observed   by Gupta et al. [4.3] for HWCVD films, Table 4.1 shows an increase in 
short-range order with an increasing substrate heater temperature for diluted films. 
This behavior is attributed to the observed trend in hydrogen concentration, since 
many researchers have observed an increase in substrate temperature with a decrease 
in the hydrogen concentration [4.3 - 4.5]. Hence, we suggested that an increase in 
short-range order is due to the increase in the hydrogen concentration in the films 
rather than the heater temperature as shown in figure 4.9.  
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Figure 4.8 Root-mean square bond angle deviation against the films thickness 
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Figure 4.9 Root-mean square bond angle deviations against hydrogen concentration 
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Cross-section Transmission Electron Microscope (XTEM) was used to confirm the 
structural properties of the deposited films because of the uncertainty from films 
deposited on the different substrates as discussed in the previous sections. All the 
XTEM measurements were performed on the films grown on the crystalline silicon 
substrate. The basic micrograph of a silicon layer grown on a crystalline silicon 
substrate is shown in figure 4.10. 
 
 
 
Figure 4.10 Basic cross-section transmission electron micrograph of the silicon layer 
grown c-Si substrate. 
In figure 4.11 XTEM micrographs of silicon thin films grown on c-Si substrate by 
HWCVD are shown for the entire range of substrate heater temperature studied. The 
films differ by the substrate heater temperature and hydrogen dilution used during the 
growth process.  From these micrographs, it can be seen that there is no sign of 
crystallinity observable. Hence, the Raman measurements depth probing is far deeper 
than thought, and can detect the c-Si substrate at approximately 0.5 – 1.0 μm away. 
This leads to erroneous crystalline silicon peaks appearing on the films deposited on 
the crystalline silicon substrate (see figure 4.1), while the same deposition conditions 
on Corning glass substrate (see figure 4.7) shows no crystallinity at all. 
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                        (a)                                                         (b) 
 
     
 
                      
                     (c)                                                                       (d) 
                                   
Figure 4.11 Cross-sectional micrographs of the amorphous silicon films deposited at 
(a) 130 °C with 80 % hydrogen dilution ratio (b) 150 °C with 80 % hydrogen dilution 
ratio (c) 170 °C without hydrogen dilution ratio (d) 200 °C with 80 % hydrogen 
dilution ratio. 
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4.2 Influence of hydrogen dilution ratio 
 
In addition to the samples discussed in the previous chapter and above, two other 
samples were deposited at substrate heater temperature of 200 °C, process pressure of 
60 μbar and higher (95 and 97 %) hydrogen dilution of silane gas. Other deposition 
parameters employed were the same as those discussed in section 2.1.3. The primary 
reason for the deposition of these films was to check the transition from amorphous to 
nano-crystalline material since it is believed that hydrogenated amorphous silicon 
films deposited near this boundary exhibit less stability to light-induced defect [4.6]. 
Such transition can be provoked by varying one of the deposition parameters, but 
hydrogen dilution of silane gas is the most appropriate as a very slight variation in this  
ratio can cause a transition from hydrogenated amorphous silicon (a-Si:H) to 
hydrogenated nano-crystalline silicon (nc-Si:H). This trend has been observed by 
Bruggemann et al. for HWCVD technique [4.7]. These two samples had thickness 
around 450 nm and their deposition rate was around 0.22 nm/s.  
 
 
Figure 4.12 shows an X-ray diffraction (XRD) spectrum for a sample deposited at 
95% hydrogen dilution ratio (DH) of silane. From the spectrum two peaks centered 
around 28.5° and 47.7° are clearly visible suggesting that the film is no longer 
amorphous. These peaks are assigned to the silicon (110) and (220) respectively. A 
further increase in the hydrogen dilution ratio to 97 % shows a shift in the first 
scattering peak to 29.0° and an increase in the peak intensity as it become narrower, as 
shown in figure 4.13. In addition, a second scattering peak also shift to 47.9° and the 
third additional peak centered around 56.6° which is assigned to the (311) has been 
observed as well. This is interpreted as the improvement in the crystal size on the 
deposited samples as hydrogen dilution ratio of silane gas increases. Hence, it is 
concluded that hydrogen dilution ratio and pressure induce crystallinity in the 
deposited films. 
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Figure 4.12 Smoothed X-ray diffraction spectrum for sample deposited at 200 0C 
substrate heater temperature with DH = 95 % on Corning glass substrate. 
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Figure 4.13 Smoothed X-ray diffraction spectrum for sample deposited at 200 0C 
substrate heater temperature with DH = 97 % on Corning glass substrate. 
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The Raman spectra for the two samples discussed above are shown in figure 4.14. The 
spectrum of 95 % diluted sample clearly shows high intensity of the peak centered at 
520 cm-1 and greater contribution of the amorphous peak centered at 480 cm-1 as 
compared to 97 % diluted sample. In order to obtain the information on the 
crystallinity in these samples the spectra were fitted into three Gaussians at around 
480, 510 and 520 cm-1. Since the first peak corresponds to the amorphous contribution 
the last two peaks are contribution due to the crystallites. The crystallinity ratio Rc 
was found to increase from 0.65 to 0.92 with an increase in hydrogen dilution ratio 
from 95 to 97 %. This agrees very well with the XRD results. The increase in the 
crystalline fraction ratio with an increase in hydrogen dilution ratio has been observed 
by other researchers [4.8 - 4.13]. 
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Figure 4.14 Raman spectra for films deposited at 200 ºC temperature of the substrate 
heater with different H2 dilution of SiH4 on Corning glass substrate. 
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4.3 Conclusion 
 
The structure of silicon films studied in this thesis were characterised by the Raman 
spectroscopy, X-ray diffraction (XRD) and Cross-sectional Transmission Electron 
Microscopy (XTEM). We showed that the Raman measurements depth probing is far 
deeper than thought and thus lead to erroneous c-Si peaks for films on c-Si substrate. 
However, XTEM has shown that all the diluted and undiluted films are amorphous. A 
gradual ordering of the short-range order with increasing thickness and consequently 
with a decreasing hydrogen content have been shown for films deposited on Corning 
glass substrate. 
 
 We showed that films with some crystallinity can be deposited at low substrate heater   
temperature (Tsub = 200 °C) with high dilution ratio and high pressure. The crystalline 
fraction was found to be more dependent on the hydrogen dilution ratio since an 
increase in dilution by two percent has resulted with an increase in crystalline fraction 
from 0.65 to 0.92. 
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CHAPTER 5 SUMMARY 
 
 
In summary, a systematic and careful study has been carried out to grow (a-Si:H) at 
low substrate heater temperature (i.e. 130 °C ≤ Tsub ≤ 200 °C). The films were grown 
using the Hot-Wire Chemical Vapor Deposition (HWCVD) technique. Two series of 
films were deposited; one from 80 % hydrogen dilution ratio of silane gas and one 
was grown without hydrogen dilution ratio of silane gas. The properties of the films 
were studied by a variety of characterization methods.  
 
 
The thickness and optical properties were studied from UV- Visible transmittance 
measurements. It was found that the deposition rate and optical properties depend 
critically upon whether the deposition was done with or without hydrogen dilution 
ratio of silane. When the films are deposited without hydrogen dilution ratio of silane, 
higher deposition rates, higher optical band gaps and lower absorption coefficients are 
obtained, and the opposite holds for films deposited with 80 % hydrogen dilution ratio 
of silane. Films with smaller band gaps (Eg(Tauc) ≤ 1.80 eV) showed improved 
absorption coefficient as compared to one’s with larger band gaps (Eg(Tauc) > 1.80 eV).  
For the entire range of temperature studied the refractive index for both sets of films 
are comparable. 
 
The bonded hydrogen content and its bonding configurations were examined from the 
Fourier Transform Infrared (FTIR) spectroscopy. In a-Si:H the amount of  hydrogen 
bonded to silicon (CH) and the microstructure parameter (R*) depend on the 
deposition conditions. In this work, it is shown that the CH and R* are temperature 
dependent. An increase in substrate heater temperature has resulted in an increase in 
CH and a decrease in R* for films deposited with 80 % hydrogen dilution ratio of 
silane while undiluted films showed an increase in both CH and R* as the temperature 
was increased from 130 °C to 170 °C. As substrate heater temperature was further 
increased to 200 °C a decrease in both CH and R* was observed for undiluted 
materials. Since the same trends was observed for both CH and R*, we suggest that the 
R* in this undiluted set of films is more dependent on CH rather than substrate heater 
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temperature. In both sets of films a better microstructure was obtain at 200 °C, but 
only undiluted series has shown a value for a device quality a-Si:H (i.e. R* = 0.1). 
This film is expected to exhibit less light-induced degradation when it is illuminated. 
Furthermore, a narrow stretch mode full width at half maximum of ~ 60 cm-1 was 
obtained for the same film. In addition to FTIR spectroscopy, Elastic Recoil Detection 
Analysis (ERDA) was also employed to examine the total amount of hydrogen 
content. Since this method is sensitive to all of the hydrogen content (i.e. bonded and 
non-bonded) much higher hydrogen content has been detected from this method. 
 
The amorphous structure of the films was examined by X-ray diffraction, Raman 
spectroscopy and Cross-sectional Transmission Electron Microscopy (XTEM). X-ray 
diffraction showed no peaks related to crystalline silicon, Raman spectra on c-Si 
substrate showed peaks at 480 cm-1 and 520 cm-1, while the same conditions on 
Corning glass showed no peak at 520 cm-1. This implies that the Raman 
measurements depth probing is far deeper than thought and can detect a peak due to 
crystalline silicon substrate for films deposited on crystalline silicon substrate. XTEM 
of films on crystalline silicon substrate showed no sign of crystalline on the deposited 
films. These facts are strong indications that the films deposited in this work are 
amorphous. However, it is also shown that it is possible to deposit silicon films 
containing high crystalline fraction at such low temperature of the substrate heater 
regime by using high pressure and high hydrogen dilution ratio of silane gas.  
 
Hence, we have managed to grow a device quality a-Si:H at low substrate heater 
temperature. The optimum conditions used for the deposition of such material are as 
follows: substrate heater temperature of 200 °C, pressure of 30 μbar, silane flow rate 
of 30 sccm, 3.6 cm distance from filament to substrate, 1600 °C filament temperature 
and deposition time of 8 minutes. Some properties of the device quality a-Si:H 
produced in this work are listed below: 
 
rd = 1.25 nm.s-1,  no = 3.35,  Eg(Tauc) = 1.91 eV,   α2eV ~ 4100.1 × cm-1,  CH = 9.4 at %. 
 
 
 
 
 
 
 
